• Systems@level study of mutagenesis directed shifts, as well as carbon source dependency in Archaeal subsystems using the model organism, Sulfolobus solfataricus P2 and bioengineering model PBL2025 using quantitative proteomics and metabolomics.
2 anabolism/metabolism processes employed by the spontaneous mutant strains to adapt to changes of carbon sources.
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The thermoacidophilic crenarchaeon Sulfolobus solfataricus has been widely used as a model organism for archaeal systems biology research. Investigation using its spontaneous mutant PBL2025 provides an effective metabolic baseline to study subsequent mutagenesis@induced functional process shifts as well as changes in feedback inhibitions. Here, an untargeted metabolic investigation using quantitative proteomics and metabolomics was performed to correlate changes in S. solfataricus strains P2 against PBL2025 and under both glucose and tryptone. The study is combined with pathway enrichment analysis to identify prominent proteins with differential stoichiometry. Proteome level quantification reveals that over 20% of the observed overlapping proteome is differentially expressed under these conditions.
Metabolic@induced differential expressions are observed along the central carbon metabolism, along with 12 other significantly regulated pathways. Current findings suggest that PBL2025 is able to compensate through the induction of carbon metabolism, as well as other anabolic pathways such as Val, Leu and iso@Leu biosynthesis. Studying protein abundance changes after changes in carbon sources also reveals distinct differences in metabolic strategies employed by both strains, whereby a clear down@regulation of carbohydrate and nucleotide metabolism is observed for P2, while a mixed response through down@regulation of energy formation and up@regulation of glycolysis is observed for PBL2025. This study contributes, to date, the most comprehensive network of changes in carbohydrate and amino acid pathways using the complementary systems biology observations at the protein and metabolite levels. Current findings provide a unique insight into molecular processing changes through natural (spontaneous) metabolic rewiring, as well as a systems biology understanding of the metabolic elasticity of thermoacidophiles to environmental carbon source change; potentially guiding more efficient directed mutagenesis in archaea. %3* +24 5 Sulfolobus solfataricus, carbon source, iTRAQ, enrichment analysis, proteomics, metabolomics, quantitative metabolic pathways. 4 (CCM), 8 genes in energy metabolism, 6 separate transporters, and 2 genes related to the formation of biofilms and secretion of extracellular polymeric substances (EPS) (8) .
Glucose or tryptone used as a sole source of carbon and energy for S. solfataricus induces different metabolic enzymes, transporters and uptake systems to support growth and cell survival. In 2006, using 15 N metabolic labelling based proteomics, Snijders et al., (9) reported that over 3% of the identified genes and 14% of the identified proteins in wild type P2 were differentially regulated, and were primarily involved in CCM. Recently, Esser et al. (10) have also speculated that sugar degradation pathways were blocked and gluconeogenesis enzymes of S. solfataricus were activated when tryptone was supplied. Further data supported by Esser et al., (10) also found that the phosphoproteome of the P2 strain was significantly affected during the onset of carbon source changes from basic sugars to tryptone.
In contrast to the extensively studied P2 strain, a comprehensive proteomics study has not been reported for strain PBL2025, an important metabolic engineering model. Interest and justification to study both S. solfataricus strains P2 and PBL2025 as a collective analysis is also driven by the discovery of their varying attachment affinity to various surfaces and the observation of different biofilm formation (11) . Further interest also lies in identifying any unique enzymes involved in formation of extracellular polysaccharides in P2, which are supposedly absent in the spontaneous mutant (8) .
Thus, to improve the understanding of metabolic processes between P2 and PBL2025 grown under identical stimuli and carbon sources, further investigation at the metabolic level is required. To achieve this, we applied an isobaric mass protein labelling technique coupled with tandem mass spectrometry. Further analysis using pathway@directed bioinformatics is also applied to identify prominent pathways affected by changing the carbon sources.
In addition to observations at the protein level, metabolite level monitoring was also performed using GC@MS analysis. In this study, we attempt to combine our observations at the quantitative proteome level with observations at the metabolome level to reveal potentially collective and unique response of the different S. solfataricus strains grown on different model carbon sources. 5 
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S. solfataricus strains P2 and PBL2025 were grown in media containing either 0.2% tryptone (w/v) or 0.4% glucose (w/v) as sole carbon and energy sources in a horizontal shaking thermal incubator (Thermotron, Infors, UK) at 120 rpm at 80°C. Cells grown on glucose was used as a control. Stock cultures of these strains were stored at @80°C and activated using either 0.4% glucose to grow up to OD 650 = 1.0 ± 0.05, or 0.2% tryptone to grow up to OD 650 = 0.70 ± 0.05. All experiments were performed at an initial OD 650 of 0.2 ± 0.05 in 150 ml of standard media as described elsewhere (12) . Cell growth curves were obtained by measuring the optical density at a wavelength of 650 nm using a spectrophometer (Ultrospec@2100 Pro UV/Visible, Amersham Biosciences, US) against time. The specific growth rates ( ) were calculated (biological triplicates) graphically by plotting OD 650 versus time. The OD 650 values were also corrected against evaporation (negative control without S. solfataricus).
Based on the growth curves, cells were collected at the late exponential growth phases for further experiments. A volume of 50 ml of cell culture was harvested and centrifuged at 5,000 x g for 10 min at 4°C and the cell pellet was collected and then stored at @80°C until required. Numbers of cells were counted using a haemocytometer (Marienfield, Germany)
under an optical microscope (Axiostar Plus, USA). All chemicals were purchased from Sigma@Aldrich (Gillingham, UK) unless otherwise stated.
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Two sets of 8@plex iTRAQ experiments were performed to investigate the quantitative proteomes of these two strains when tryptone or glucose was used as a sole carbon source.
Crude protein extraction was performed as described elsewhere (12 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   7 Protein identification and quantitation were mainly carried out as described elsewhere (13 (14) . Data were then analysed using our in@house statistical approach to determine regulated proteins (13) .
The quantified proteins were categorized based on the arCOG functional code (http://archaea.ucsc.edu/arcogs/). Furthermore, to gain an understanding of how different S.
solfataricus strains responded to different carbon sources at the proteomic level and to determine which pathways were significantly regulated, an enrichment test analysis based on the hypergeometric distribution model was used as described in the equation below (15) . A p@ value was calculated for each pathway in every regulated group and pathways that achieved p@values < 0.05, were considered to be significantly affected.
Where: N: total number of predicted proteins. M: number of proteins that are annotated to an arCOG category for gene function enrichment analysis or a specific KEGG pathway enrichment analysis, respectively. n: number of up or down regulated proteins. k: number of proteins that are regulated and also annotated to specific KEGG pathways or gene functional categories. For extraction of metabolites, cell pellets were washed by distilled water then centrifuged at 5,000 x g for 5min at 4°C. Subsequently, cells were re@suspended in 500 µl ice cold (@20°C) methanol containing an equivalent volume of acid washed glass beads (425−600Nm) (compared to cell pellet volume). Global metabolites were extracted using a disruptor (Genie Vortex, USA) with 7 cycles alternately 45 sec of disruption and 2 min of incubation on ice between each run. Supernatants containing the soluble crude extracts were centrifuged at 13,000 × g for 30 min at 4°C, transferred and dried by a vacuum centrifugation. Global metabolites were derivatized as described in detail elsewhere (16) . Briefly, dried samples were re@suspend in 25 µl of dimethylformamide contain 0.1% pyrimide and then 25 µl of N@ methyltrifluoroacetmide was added. Samples were incubated at 80°C for 60 min before being used for GC@MS analysis. Nor@valine was used as an external standard and its derivatization followed the above procedure. Samples and external standard was mixed before GC@MS injection. The GC@MS was operated in full scan mode with a mass range covering from 50 to 650 m/z.
The ionization temperature was applied at 230 o C and 10 5 eV was also used for ionization process. A biological triplicate and a technical duplicate were performed for each sample. ) We observed similar growth profiles between PBL2025 and P2 grown on the standard glucose media ( Figures 1A) , though PBL2025 exhibited a significantly prolonged lag phase than P2 (18 hours compared to 10 hours). The growth differences might have been a result of the induced metabolic burden from the absence of genes SSO3003 SSO3050 in PBL2505 (to be discussed in detail later). Briefly, as expected, six of these genes are composed of transporters, six others are believed to be involved in the CCM, while an additional 8 genes may assume roles in energy metabolism (7); their absence might potentially alter PBL2505 energy metabolism upon the onset of stationary phase.
As mentioned above, the longer onset of lag phase in PBL2025 might be a result of the absence of the ATP@binding cassette (ABC) transporters and secondary transporters compared to P2 (encoded by genes SSO3012, SSO3043, SSO3045, SSO3046, SSO3047 and SSO3048), since the uptake of sugars is carried out via ABC and secondary transporters (20) .
However, compared to strain P2, the average specific growth rate of PBL2025 was higher on 0.4% glucose growth ( Figure 1C ), 0.0106 ± 0.002 and 0.0214 ± 0.0001 h @1 for P2 and PBL2025 respectively. Correspondingly, a slight increase of glucose consumption (35.6 mg L @1 h @1 compared to 40.2 mg L @1 h @1 , calculation based on Figure 1D ) and a decrease of doubling time (32.5 ± 0.69 h compared to 65.4 ± 0.65 h) were also observed. Consequently, the higher growth rate could have been an effect of the activation of the existing ABC transporters, since the uptake of glucose is mediated by ABC@transporters in S. solfataricus (21) , or via potential activation of other unknown/uncharacterised transport systems relative to P2, as proposed elsewhere (22). Earlier evidence from a study on cellodextrin consumption via directed mutagenesis in S. solfataricus 98/2 by Lalithambika (22) suggested that the inactivation of a putative ABC transporter involving Sso2847, Sso2848, Sso2849 and Sso2850 had no effect on the cell growth when grown on glucose. Accordingly, the authors proposed the existence of other additional transport systems in strain 98/2 relative to P2 (22).
The information about ABC transporters gained in this study is to be discussed in the ''Carbohydrate transporter proteins'' section. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11
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The specific growth rates of S. solfataricus strains grown on 0.2% tryptone and 0.4% glucose are shown in Figure 1C . From Figure 1C , we can see the average specific growth rates of P2 were 0.0106 ± 0.002 h @1 and 0.0195 ± 0.001 h @1 when grown on glucose and tryptone respectively, whilst the specific growth rates of PBL2025 were 0.0214 ± 0.0002 h @1 and 0.0132 ± 0.002 h @1 respectively. The faster growth of P2 on tryptone compared to glucose was also reported in a previous study, where oligopeptide binding proteins (encoded by SSO1273 and SSO2619) of ABC transporters were strongly induced by the addition of tryptone in the media (23). This also agrees with another study (20) , where the glucose@ binding proteins activity of ABC transporters in P2 was at the highest levels in tryptone compared to glucose, which was estimated by using radiolabeled sugars with and without presence of unlabeled sugar, since transport proteins are supposed to catalyse the transfer of carbon sources across membrane into the cell (24) .
Both S. solfataricus P2 and PBL2025 strains had a shorter lag phase in tryptone than in glucose media: 4 h and 12h differences for tryptone compared to glucose for P2 and PBL2025 respectively. The shorter lag phase of these strains in tryptone conditions may result from the direct utilisation of it as tricarboxylic acid cycle (TCA) intermediates (25) . solfataricus strain P2 on tryptone was faster than in glucose. A further explanation is to be discussed in the section "Regulation of CCM for tryptone vs glucose conditions". Moreover, Page 11 of 41 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 the effect of media on cell biomass of the S. solfataricus strains was also estimated. Both strains had reduced biomass yields when grown on tryptone compared to glucose in the stationary phases (0.41 ± 0.04 compared to 0.81 ± 0.01 gL @1 for P2, and 0.43 ± 0.05 compared to 0.64 ± 0.06 gL @1 for PBL2025 respectively). This was a result of the limit of available carbon and energy sources in tryptone media compared to glucose.
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In summary, S. solfataricus PBL2025 exhibited a longer lag phase than P2 when grown on glucose and a lower growth rate in tryptone media respectively, possibly due to the absence of several substrate uptake genes. In addition, both S. solfataricus P2 and PBL2025 strains could utilise tryptone as a sole carbon source, but demonstrated different growth rates on tryptone compared to glucose conditions: 1.25 fold faster for P2 and 1.62 fold slower for PBL2025 respectively. However, maximum cell biomasses for both S. solfataricus P2 and PBL2025 strains grown on tryptone were less than those grown on glucose.
To test if the lower OD observed for S. solfataricus strains growth on tryptone compared to glucose may be a consequence of the observed alkalisation of the growth medium, the pH of medium was measured against the growth at a wavelength of OD 650nm (Figure 2 ). We observed that the change of pH for glucose and tryptone media shows vastly different trends.
Although both strains were grown on an initial pH of 3.04, our measured pH was observed to fall towards pH 2.3 on 0.4% glucose media, while pH rose towards pH 6.9 for the case when 0.2% tryptone was provided as a sole carbon source. We believe this can be attributed to the differing buffering capacities between the media, and corroborates with similar findings reported earlier (28) . The drop of OD 650 was observed for all the strains when the pH of the growth medium reached to the upper tolerance limit of cell membrane (pH 6.5@7.0) (29) . It can be inferred that the low OD observed on 0.2% tryptone media may have contributed partly to the limit by up@taking of substrate, since cell growth was observed again when the tryptone medium was acidified to 3.04 and it stopped growing when the media pH reached ca. 6.5 (data not shown).
Although numerous proteomics studies have been undertaken to study S. solfataricus P2, such comparable studies on strain PBL2025 are still limited. While there is a previous report 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 on carbon source dependence from tryptone to glucose against protein phosphorylation level in S. solfataricus P2 (10), the study focused heavily on phosphoproteome profiling and site mapping. Herein, we demonstrate an additional level of understanding through quantitation at these protein levels. To facilitate this investigation, two sets of 8@plex (8 labels) iTRAQ experiments were carried out to investigate the responses of these S. solfataricus strains (PBL2025 vs P2) against different carbon sources (tryptone vs glucose). Related details in experimental design are shown in Tables S1 and Figure S1 in the Supplementary materials.
A total of 740 proteins and 702 proteins were identified at FDR < 1% from the first and second iTRAQ experiments respectively. Further filtering of proteins resulting from two or more unique peptide sequences showed 609 and 583 proteins quantified respectively. These proteins were curated into a final list of identifications for further two@tailed t@test assessments at the 95% confidence interval to determine differentially regulated proteins (30). Additional fidelity was also provided from the obtained quantitative data through a gene functional analysis using protein functional categories and localization retrieved from arCOG (http://archaea.ucsc.edu/arcogs/) (31) . This allowed the correlation of CCM to other significantly affected cellular processes via further pathway enrichment analysis (15) . Details of these analyses are discussed below.
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Amongst proteins quantified and considered as significantly regulated, cytoplasmic proteins were predominantly observed (approximately 50% for each phenotype comparison), followed generally by uncharacterised putative proteins (Supporting Information Table S2 ). Archaea generally possess a single cytoplasmic membrane and lack an outer periplasm, however, they contain proteins attached to the outer layer: the cytoplasmic membrane; commonly called pseudoperiplasm (32) . Although frequently considered as low abundance proteins, we were successful at identifying a number of pseudoperiplasm proteins during our phenotype analysis. Using further pathway enrichment analysis (Table 3) , other proteins associated with primary pathways such as amino acid biosynthesis and carbohydrate metabolism were also identified and found to be inhibited under tryptone compared to glucose conditions. Protein level profiles with evidence of inhibition were observed successfully for tryptone compared to glucose conditions on nucleotide metabolism in P2 and tryptone compared to glucose condition on energy metabolism in PBL2025, respectively. Other pathway annotations were also obtained from cellular genetic information processing infrastructures such as 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 transcription and translation. Further details are provided in Supporting Information Table   S3 . We observed that most of the regulated proteins observed in translational processsing were ribosomal proteins and tRNA synthetases, as well as proteins involved in amino acids biosynthesis ( Figure 3 and Table S3 ).
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Differentially regulated proteins were first assigned to different functional ontologies based on their gene functions (from arCOG) and subjected to gene functional analysis at a p@value < 0.05 (31 Table S3 ). Gene function categories identified with less than 5 quantified proteins and those with only one regulated gene are not considered for classification.
From functional comparisons using S. solfataricus PBL2025 vs P2 grown on glucose, a lower relative abundance of energy production and conversion (arCOG C) and defence mechanism (arCOG V) categories were observed (Figure S2 A) In summary, proteins belonging to defence mechanisms were regulated for all comparisons;
regulation of proteins involved in transport systems were significantly affected in tryptone compared to glucose media for both strains. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15 -
The up/down@regulated transporters detected here are listed in Supporting Information Table   S4 . Furthermore, the affected transporters from previous studies where S. solfataricus was grown on other carbohydrates including ethanol, isopropanol, n@propanol, acetone, phenol with/without the presence of glucose (33@35) are also summarised in Table S4 . We noticed that most of the quantified transporters in this investigation belonged to the ABC transporters (21) .
In this study, we were able to quantify 10 ABC@transporter proteins, and 7 of them showed minimal differential abundance change, while an ATP@binding protein of ABC transporter (encoded by SSO3055) was observed with a higher abundance. A further sugar ABC transporter (encoded by SSO 1168) and an ATP@binding protein (encoded by SSO2137) were observed to be down@regulated in PBL2025 compared to P2 in glucose growth conditions.
Transporting of various substrates impacts on different parts of cellular metabolism and eventually growth patterns. Different transporters used to be discussed based on their substrate binding activities, which has been classified into carbohydrate and the di@ /oligopeptide uptake super@families (36) . Here, the up regulation of oligo/dipeptide superfamily transporters was observed in both strains (in tryptone compared to glucose).
When P2 was grown on tryptone compared to glucose, 10 proteins belonging to 7 ABC transporters were quantified, but only one periplasmic dipeptide binding protein of dipeptide ABC transporter (encoded by SSO2619) was up regulated. However, 4 of 5 quantified ABC transporters including Sso1003, Sso1275, Sso2619 and Sso3055 were up@regulated when PBL2025 was grown on tryptone compared to glucose. Detailed discussion can be found in the ''Regulation of S. solfataricus in tryptone vs glucose conditions'' section.
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Proteomics techniques have been widely performed with regarding to interpreting the unique metabolic pathways of S. solfataricus (37) . By contrast, metabolomics studies are still very limited, except the study on the CCM response of P2 to optimal (80°C) and suboptimal (75°C) living temperatures under standard glucose media (12) and CCM changes in metabolites levels between 2@keto@3@deoxygluconate kinase deletion mutant strain PBL2025&3195 and PBL2025 grown on Brock media at 76°C (38) . In addition, it is still 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   16 unclear on the correlation between protein expression level changes and metabolome changes in response to a change of carbon source. In this study, metabolite identification was achieved by searching against the NIST library and annotation of metabolites was achieved by using GC@MS raw data searched against AMDIS. The raw results were saved in .txt format. Further analyses were performed using Excel (Microsoft 2013, USA). These results were firstly simplified by Macros program to remove derivation. To gain high confidence identification, only compounds detected from all biological triplicates per phenotype were used (as shown in Table 2A ); and, others were discarded. In total, 149 compounds were identified from all experiments and 81 of them were assigned a KEGG C number (results are listed in Table S5 in Supplementary materials). Only 15 of these metabolites have been reported previously (12). Some representative compounds are listed in Table 2B .
The numbers of compounds determined for different strains grown on either glucose or tryptone are listed and interpreted in a Venn diagram ( Figures 3A@C) . For instance, a high percentage of unique compounds was detected in PBL2025 compared to P2 strain (30/122 = 24.6% vs 8/100 = 8.0%, Figure 3A ) when both were grown on glucose.
A similar number of identified metabolites were observed for P2 and PBL2025 strains: 139 and 131 respectively as shown in Figure 3C . Among these, a large number of compounds 
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Regulated proteins were distributed into 54, 51 and 56 different pathways (a total of 78 pathways from KEGG: http://www.genome.jp/kegg/) for three comparisons (see Table 3 and S1 for details of comparisons), respectively. To gain a better understanding of how different S. solfataricus strains responded to different carbon sources, a relative frequency of the regulated enzymes in each pathway was calculated using the enrichment test (hypergeometric model) with a p@value ˂ 0.05 (39) and the results are shown in Table 3 . As listed in Table 3 , the significantly affected pathways were involved in amino acids biosynthesis, carbohydrate metabolism, energy metabolism and nucleotide metabolism. A proteomic analysis showed 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 that the absence of genes SSO3004 SSO3050 in PBL2025 likely resulted in different regulations of pathway metabolism. According to the pathway enrichment test (as detailed in Table 3 ), up@regulated proteins were involved in butanoate metabolism, Val, Leu and iso@Leu biosynthesis and carbon fixation pathway (40) for PBL2025 vs P2, both grown on glucose (comparison C1); and proteins involved in Ala, asp and glu metabolism and glycolysis metabolism show increased expression level for comparison C2 and C3, respectively.
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We detected 81 metabolites with assigned C numbers (listed in Supplementary Table S5 ) and 47 of them were involved in KEGG pathways that have not been reported in S. solfataricus (12) were also detected. Of 140 compounds detected from tryptone vs glucose for P2 strain, 24 compounds had reduced abundances, while most of them (116 compounds; 82.9%) had increased abundances. A total of 15 amino acids, 10 of them belonging to KEGG metabolic pathways, were detected by GC@MS (see Table 3B ). Detailed to be discussed in ''Regulation of amino acid metabolism'' section.
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A total of 52, 52 and 51 proteins involving the CCM were quantified for comparisons C1, C2
and C3, respectively. According to the pathway enrichment test (as detailed in Table 3) proteins involved in butanoate metabolism were found to be up@regulated for C1, but no abundance changeS were detected for C2 and C3. Furthermore, a significant down and up regulation of proteins were observed in glycolysis metabolism for comparisons C2 and C3, respectively; while proteins involved in pyruvate metabolism were decreased in abundance in C2; and, no abundance change was detected in comparisons C1 and C3 ( Figure 4A ).
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The increased abundance of some enzymes involved in the CMM pathway was expected. For instance, a higher abundance of glucose 1@dehydrogenase (gdh@1) was detected as indicated in Figure 4A . This can be related to the absence of gluconolactonase encoding gene SSO3041
and gdh encoding gene SSO3042. Since previous studies show that the first few steps of the non@phosphorylative Entner@Doudoroff pathway (27) converts glucose to glucono@1,5@lactone then to gluconate, catalysed by glucose dehydrogenase (gdh@1, @2, and @3, encoded by SSO3003, SSO3042 and SSO3204 separately) and gluconolactonase (encoded by SSO2705
and SSO3041) separately (9) . It is obvious to assume the absence of Sso3041 and Sso3042 resulted in the accumulation and thus the requirement of a high expression level of gene 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 18 SSO3003. However, although the substrate specificity of gdh@3 (Sso3204) in P2 has been shown to specific to glucose (41), its expression level remained unaffected in PBL2025 (as shown in Figure 4A ). The pentose phosphate pathway enzymes also had similar abundances, although PBL2025 lacks genes SSO3032 and SSO3036.
Moreover, the formation and production amount of EPS in attachment to glass between PBL2025 and P2 have been showed previously, where extracellular materials were formed in the former (11) . At the proteomic level, Sso3006 was quantified, but its abundance in PBL2025 was not different to that observed in P2 (both grown on glucose standard media).
Current results thus indicate the modulation of EPS production by α@mannosidase (Sso3006) occurs neither at the quantitative proteome level nor at the transcript level as proposed elsewhere (8), where a role of SSO3006 was confirmed by the complementarity of this gene in a recombinant strain of PBL2025, but no expression of SSO3006 (by q@PCR) were reported upon surface attachment in P2 (11) . In addition, the reduction of carbohydrate content in EPS of PBL2025 has been detected on the expression of β@galactosidase LacS (SSO3019) using photometric methods (8) In addition to changes involving the CCM, the increased abundances of malate oxidoreductase (Sso3197) and 2@keto@3@deoxy gluconatealdolase (Sso2869) were found in PBL2025 compared to P2 (as shown in Figure 4A ).
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From Figure 4A , we can see that the down regulation of proteins in glycolysis and pyruvate metabolism was significant in P2 grown on tryptone compared to glucose (comparison C2).
This observation supports a previous study reporting that sugar degradation was blocked in the presence of tryptone in P2 (10) . However, proteins involved in glycolysis were increased in expression level and no abundance change was detected in pyruvate metabolism in the S. solfataricus PBL2025 strain grown on tryptone compared to glucose (comparison C3). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 19
Moreover, up regulation of key proteins (Sso1907, Sso2044 and Sso3211) that linked amino acid and carbohydrate metabolism were observed in both C2 and C3 comparisons: detailed discussion can be found in the Section Regulation of Ala, Asp and Glu metabolism". The specific reasons for those differences are not clear yet, but the absence of ABC transporter encoding genes in PBL2025, which are involved in tryptone uptake and SSO3035, SSO3041
and SSO3042 that functions in carbohydrate metabolism may provide some clues for the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 from media led to an increase of TCA intermediates (25) . But the TCA pathway remained unaffected for both C2 and C3 comparisons, as indicated when tryptone and yeast extract were supplied for S. solfataricus P2 (9) . Up and down regulation of proteins involved in sp@ ED and gluconeogenesis were also observed, but these proteins did not show significant differential regulation.
Detailed discussion on amino acid metabolism, for instance, the Glu metabolic pathway that links carbohydrate and amino acid metabolism, can be found in the following part.
Altogether, these results provide evidence explaining why growth of these two S. solfataricus strains on tryptone was faster than on glucose, which is possibly due to the direct utilization of amino acids in tryptone condition.
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In the proteome, most of the detected amino acid metabolic pathways were down@regulated except for metabolism of Ala, Asp and Glu, which was up@regulated when glucose was supplied compared to tryptone in strain P2 ( Table 3 ). The presence of a feedback regulation mechanism is supported by the detection of high abundance of amino acids in tryptone growth medium. The differential abundances of these proteins and amino acids are shown in Table 3 and Figures 4A and B .
Catabolism of amino acids involves the removal of α@amino groups and then the carbon skeletons including pyruvate, Acetyl@CoA, Acetoacetyl@CoA and TCA cycle intermediates (oxaloacetate, fumarate, succinyl CoA and α@ketoglutarate). These metabolites are directly used for carbohydrate, nucleotide metabolism and other cellular processes (25) . In this study, S. solfataricus cells ceased growth at ca. 40 h when tryptone was supplied for both strains, and their biomass yields were less than those obtained in the glucose condition (see Supplementary materials). This was possibly due to the lack of available carbon sources for cell construction. At the proteome level, the down regulation of amino acid biosynthesis pathways in the tryptone condition in both strains was unsurprising, since cells did not require the production of more amino acids to use as storage sources (42) . Conversely, it also meant that the protein synthesis process occured based on its functional properties rather than a need to store extra amino acids, as mentioned elsewhere (42) . A negative@feed@back regulation mechanism has been proposed for amino acid biosynthesis regulation, which Page 20 of 41 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21 means that the end@product inhibits its own biosynthesis through affecting the biosynthetic enzyme activity (for a review see elsewhere (43) ). In other words, the supplementation of external amino acids interferes with their intracellular formation. Subsequently, when microorganisms resort to an exogenous supplement of amino acids, their intracellular biosynthetic pathways tend to be blocked or shut down. This was observed, for instance, for
ACS Paragon Plus Environment
Journal of Proteome Research
Val (44) and iso@Leu biosynthesis in E. coli (45) . A similar phenomenon has been found for anthranilate synthase in S. solfataricus, which catalyses the synthesis of anthranilate from chorismate and glutamine and is feedback@inhibited by tryptophan (46) . In the light of this, we can reasonably speculate that the down regulation of the detected amino acids metabolic pathways followed a similar pattern.
Biosynthesis of some amino acids was significantly different between PBL2025 and P2
( Table 3 and Figure 4B ) although S. solfataricus can synthesise all 20 amino acids (2) . The up@regulation of proteins involved in these amino acid metabolism pathways indicates an accelerative utilisation of pyruvate. As shown in Figure 4B , the pyruvate production from malatate and KD(P)G catalysed separately by these enzymes seems to be preferentially utilised by the biosynthesis of Leu, Val and iso@Leu compared to other amino acids. Also, it can be pursued from the higher abundance of proteins involved in Leu, Val and iso@Leu metabolism, especially 3@isopropylmalate dehydratase subunits (encoded by SSO2470 and SSO2471), dihydroxy@acid dehydratase (Sso3107), 3@isopropylmalate dehydrogenase (Sso0723) in PBL2015 compared to P2. Above all, more active amino acid pathways might contribute to the higher specific growth rate of PBL2025 compared to P2 when grown on glucose.
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Val, Leu and iso@Leu are hydrophobic branched@chain amino acids (BCAAs). We were able to identify significant down regulation of BCAAs metabolic pathways at the proteome level, and detect a high abundance of Leu for S. solfataricus grown on tryptone (Tables 2@3 and Figure 4B ). In the current study, the down regulation of Val, Leu and iso@Leu metabolism might follow a feedback@inhibited pattern in S. solfataricus (46) as speculated above. From a biosynthetic aspect, the last four reactions are catalysed by the same four enzymes in the biosynthesis of Val, Leu and iso@Leu ( Figure 4B) , therefore, they are mostly discussed synchronically (43) . Enzymes with multiple substrates such as 3@isopropylmalate dehydratase subunits (encoded by SSO2470 and SSO2471) and ketol@acid reductoisomerase (encoded by 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 22 SSO0576) are easily affected by the existence of any of BCCAs substrates ( Figure 4B and, then the inactivation of pyruvate metabolism and TCA cycle respectively (Table 3 and respectively; these proteins were involved in Ala, Asp and Glu metabolism in P2, and Arg and Pro metabolism in PBL2025, as shown in Figure 4B . Increased levels of Glu and Pro were found for both strains grown under tryptone compared to glucose conditions ( Figure 4B and Table 3B ). Increased expression levels of NAD specific glutamate dehydrogenase (GDH; gdhA@1, gdhA@2 and gdhA@4, encoded by SSO1457, SSO1907 and SSO2044, Figure 4B and Table S2 in the Appendix) were detected. These are responsable for Glu metabolism and catalyses the revisable oxidative deamination of Glu to produce 2@oxoglutarate and ammonia with reduction of NAD + . Further, we observed an up regulation of 4@aminobutyrate aminotransferase (Sso3211, Figure 4B and Table S2 ), through which the extracellular Glu enters directly into the TCA cycle ( Figure 4B ). These observations agree with previous work, where certain concentrations of L@Glu and L@Asp enhanced cell growth by the presence of glucose, whereas Gly, L@Leu, L@Val showed no effect on cell growth (48 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 23 Glu plays a central role in various metabolic processes, as well as stress responses in bacteria as reviewed elsewhere (49) . Also, it has been reported that Glu@, Arg@ and Lys@dependent acid resistance systems play an important role in protecting against acidic (50) and oxidative stress (51) in E. coli. Similar functions of Arg and Lys have also been found in Salmonella typhimurium CECT 443, but not for Glu (52) . The growth@stimulation effect of L@Glu on the presence of glucose was significant compared to other amino acids (48) and a high abundance of Glu and Pro was detected in tryptone vs glucose comparisons for both strains (in Figure 4B ). Glu catabolism is mainly carried out via the glutamate dehydrogenase (GDH) or glutamate decarboxylase (GAD) in bacteria (49) . This aspect agrees well with the literature, which showed increased abundance of GDH in S. solfataricus (53) .
Moreover, down regulation of glutamine synthetase (encoded by SSO0366 and SSO2440) and
high abundance of Gly detection was observed in this investigation for comparison C2.
Glutamine synthetase is supposed to catalyse the synthesis of Gln from Glu and NH 3 (54) . Its catalytic activity is solely regulated by end@product inhibition mechanism through Gly and Ala in S. acidocaldarius (55) . The regulation of glutamine synthetase in S. solfataricus may indicate follow the end@product inhibition mechanism ( Figure 4B ).
In summary, the down regulation of most of the detected amino acid metabolic pathways may contribute greatly to the reduced life cycle of both strains (P2 and PBL2025) in tryptone compared to glucose.
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Energy produced from various metabolic pathways is used for cell growth (25) . For PBL2025 compared to P2 in glucose conditions, 5 of 21 quantified proteins involving the CO 2 fixation pathway were up@regulated. CO 2 fixation refers to the assimilation of CO 2 into cellular organic materials (56) , which sustains autotrophic growth and can be also used for energy conservation and as a sink for cycling of reduced electron carriers, as discussed by Bar@Even, et al. (40) . The mechanism for CO 2 assimilation in Sulfolobus is achieved by the 3@ hydroxypropionate@4@hydroxybutyrate cycle (3HP/4HB) (57) . Although not all of the enzymes have been characterized in the 3HP/4HB cycle, key genes in this pathway have been already found in Sulfolobus genomes, leading to the assimilation of bicarbonates (57) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 24
Usually, this cycle is divided into two parts: (1) the transformation of acetyl@CoA and two bicarbonate molecules into succinyl@CoA, and (2) the conversion of succinyl@CoA into two acetyl@CoA molecules (57) . Up@regulated proteins involving energy metabolism included acetyl@CoA C@acetyltransferase (acaB), acetyl@CoA synthetase (acsA) and aconitatehydratase.
AcaB@2, acaB@3 and acaB@7 (encoded by SSO2061, SSO2062 and SSO2625 respectively) catalyse the conversion of acetoacetyl@CoA to acetyl@CoA, while protein acsA (encoded by SSO2863) catalyses the formation of acetyl@CoA from acetate. In addition, aconitatehydratase (encoded by SSO1095) catalyses the conversion of isocitrate to cis@aconitate, then to citrate.
Acetyl@CoA is converted directly to pyruvate, propanoate metabolism as well as Val, Leu and Iso@Leu biosynthesis pathways (source: KEGG: http://www.genome.jp/kegg/). It can be inferred that the accumulation of acetyl@CoA involved in the regulation of intracellular biosynthesis metabolism, and further resulted in an activation of carbon fixation in PBL2025
and eventually a relatively higher growth rate of this strain than P2 ( Figure 1A and 1C ).
Under tryptone vs glucose conditions, no differentially@regulated proteins involved in energy@ related pathways were found in P2. In contrast, 30 proteins involved in energy metabolism were found to be significantly regulated in PBL2025 (13 up and 17 down regulated).
Statistically significant down regulation of oxidative phosphorylation proteins (based on pathway enrichment analysis) were observed in PBL2025 as a result of the unfriendly basic microenvironment conditions. Usually, NADH and succinate generated from the TCA cycle are oxidised and release energy to power the ATP synthase, subsequently ATP provides energy to other cellular process (58). In our investigation, inorganic pyrophosphatase (Sso2390) and three NADH dehydrogenases subunits C, D and I (Sso0323, Sso0324, and Sso0326) involved in the oxidative phosphorylation pathway were down regulated, but the ATP synthase (Sso0559, Sso0561, Sso0563, Sso0564 and Sso0566) were unchanged. We speculate that up@regulation of proteins involved in glycolysis was activated for energy requirements. Ultimately, these regulations supported the shorter lag phase of PBL2025 grown in tryptone media compared to glucose.
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